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Abstract:
For structural composites used in vehicles and aircraft, flame retardant chemistries which
enhance char formation and reduce heat release are preferred. Phosphorus-based and phosphorusnitrogen flame retardants for epoxies have been well studied to date, but phosphorus hydrazides
have not been studied for their flame-retardant potential in epoxy. These hydrazides offer some
novel structures, and they potentially can offer a combination of vapor and condensed phase flame
retardant action. A series of eight compounds were systematically investigated in the current study
as reactive flame retardants in a bisphenol F epoxy / aliphatic amine resin system at a level of 2.5
wt% phosphorus. Results suggest that the phosphorus hydrazides react with the epoxy during
thermal decomposition, and they also release nitrogen during flaming combustion of the epoxy
matrix. The observed reactions resulted in increased char yields and reduced total heat release,
while simultaneously lowering heat of combustion and total smoke release.
Introduction:
Epoxy fiber reinforced composites are widely used in diverse applications ranging from
circuit boards to structural composites for aerospace, maritime, and ground transportation.1 For
many, if not all of these applications, protection against fire damage is required for such
composites. In the case of circuit boards, the fire risk is from localized ignition under short
circuit/overheating events. For structural composites, however, the fire risk scenario can vary
greatly depending upon the vehicle type (ground, sea, air) that contains the composite, and the
specific fire source. Fire threats for structural composites can range from localized overheating to
post-crash fuel pool fires, and therefore the response of the composite against those fire threats is
equally varied.2,3,4,5
One common fire protection technology used with circuit boards is the inclusion of flame
retardant chemicals. These chemicals are often covalently incorporated into the epoxy backbone
to ensure uniform mixing and that flame retardants do not leach out over time. There are
commercially available flame retardants for epoxy circuit boards which react with the epoxy6,7,8,9,
and these materials have proven performance; however, there are some calls to replace these
chemicals due to market regulations in Europe.10,11,12 Should these chemicals be eliminated, there
are not many remaining chemical classes available to flame retard epoxies for circuit boards.
Alternatively, inherently low heat release polymers such as polyimides, which are more expensive
and are not appropriate for all electronic applications, may be required.
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For structural composites using epoxy, there are very few systems which utilize reactive
flame retardants because the emphasis has been to maximize mechanical properties with the fire
performance addressed via engineering solutions or protective coatings. Review papers on the fire
issues of structural composites and fire protection schemes exist and give good insight into this
field of research.13,14,15,16,17,18 Similar to the issue with circuit boards, for structural composites
new chemistries will need to be discovered that can react with epoxy and lower heat release to
ensure lowered flammability and improved fire hardening/durability.
Most epoxy resins, other than adhesives, are not used without reinforcement, such as
fiberglass or carbon fiber. To develop new flame retardants for resins which contain
reinforcement, the typical approach is to study the flame retardant in the base epoxy first to
determine how it affects epoxy processing. When considering new reactive flame retardants for
epoxy, potential reactive functional groups which can co-polymerize during epoxy polymerization
(commonly referred to as “cure” in the composite industry) must be considered, and this limits the
potential chemistries available. Ideally, a flame retardant should lower heat release and improve
char formation of the thermally decomposing polymer, thus ensuring more of the polymer network
remains behind during a fire to mitigate issues such as composite structural collapse and release
of partially pyrolyzed carbon fibers.19,20,21,22 With this in mind, phosphorus-based flame retardant
chemistries can be seen as a starting point for epoxy resins due to their ability to promote charring
of epoxy polymers under thermal decomposition conditions. While phosphorus-based
applications for epoxy flame retardants are well known,6,23 there are specific phosphorus
chemistries which have not been fully studied to date. An investigation of a class of structures,
namely phosphorus-hydrazide compounds is reported here. These compounds (Figure 1) have the
potential to not only promote char during polymer decomposition due to the phosphorus-based
groups present, but also to release non-flammable gas in the form of nitrogen (N2) during thermal
decomposition. With this hypothesis in mind, these compounds were investigated for their
potential to flame retard a bisphenol F based epoxy, cured with an aliphatic amine as an initial
study to evaluate this chemistry for flame retarding epoxies. Assuming these compounds show
promise in flame retarding the base epoxy, further research could be undertaken to see how these
compounds affect the fire behavior of an epoxy with fiber reinforcement. This publication focuses
solely on the compounds in the base epoxy.

Figure 1. Potential phosphorus hydrazide flame retardants evaluated in this study

Experimental Section:
Chemical Synthesis
1
H and 13C spectra were recorded at 300 MHz and 75 MHz respectively and referenced to
the solvent (CDCl3: 7.27 ppm and 77.0 ppm; DMSO-d6: 2.49 ppm and 39.5 ppm; benzene-d6: 7.16
ppm and 128.4 ppm). 31P NMR spectra were obtained at 121 MHz and referenced to H3PO4
solution in DMSO-d6 (0.0 ppm) or a (CH3O)3P solution in CDCl3 (141.0 ppm). The referencing
for the 31P NMR spectra was accomplished by measuring and calibrating the signal of the standard,
followed by subsequent use of the Spectrum Reference (SR) feature of the NMR instrument, to
standardize the rest of the spectra. Elemental analysis was provided by Atlantic Microlab,
Norcross, GA.
The preparations of phosphorylhydrazines 5a-c have all been previously reported, but
through the use of varying methodology, the reported spectroscopic data in literature are
incomplete. Hence, this report offers the full detail of their preparation using a uniform literature
protocol, and complete sets of spectroscopic data, listed for each of them.
Generalized protocol for the preparation of the hydrazophosphonates 1. Method A:
Ethyl or t-butyl carbazate (10 mmol) was dissolved in chloroform (15 mL), under nitrogen
atmosphere, and at 0 – 5 °C (dimethylphosphoryl chloride as the reagent) or ambient temperature
(compound 3b as the reagent). Pyridine (10 mmol) was introduced, followed by the phosphoryl
chloride (3a or 3b, 10 mmol). The mixture was stirred for 12 h at either ambient temperature (in
the case of 3a as the reagent) or at 50 °C (in the case of compound 3b as the reagent). The solvent
was removed under reduced pressure and the residual white solid was separated using column
chromatography on silica gel (acetone : methylene chloride = 2:1). Removal of the solvent under
reduced pressure led to the isolation of the pure compound 1.
Method B: The corresponding hydrazide 5 (15 mmol) was dissolved in chloroform (30
mL), under nitrogen atmosphere, and at ambient temperature. Pyridine (15 mmol) was introduced
and the mixture cooled to 0 – 5 °C. Methyl or ethyl chloroformate (15 mmol), dissolved in
chloroform (30 mL), was added dropwise during a 15 – 20 min interval. The mixture was allowed
to warm to ambient temperature and stirring continued for additional 12 h. The solvent was
removed under reduced pressure and the components of the residue were separated using column
chromatography on silica gel (acetone : methylene chloride = 2:1). Removal of the solvent under
reduced pressure led to the isolation of the pure compound 1.
Methyl 2-(dimethylphosphinyl)hydrazine-1-carboxylate (1a-I, FR7).
Colorless,
1
viscous oil (Yield: 73%, Method B). H NMR (DMSO-d6)  3.56 (s, 3H), 3.60 (d, J = 11.2 Hz,
6H), 7.30 (d, J = 35.5 Hz, 1H), 8.79 (broad s, 1H); 13C NMR (DMSO-d6) δ 51.9, 52.9 (d, J = 4.9
Hz), 157.7; 31P NMR (DMSO-d6)  8.60 (s, 1P); Anal. Calcd. for C4H11N2O5P: C, 24.25; H, 5.60;
N, 14.14. Found: C, 24.52; H, 5.62; N, 13.88.
Ethyl 2-(dimethylphosphinyl)hydrazine-1-carboxylate (1a-II). White solid (Yield:
76%, Method A; 89%, Method B). Further purification via recrystallization from toluene. Mp 78
– 79 °C. 1H NMR (CDCl3)  1.26 (t, J = 7.1 Hz, 3H), 3.80 (d, J = 11.2 Hz, 6H), 4.17 (q, J = 7.1
Hz, 2H), 5.64 (d, J = 32.9 Hz, 1H), 6.65 (broad s, 1H); 13C NMR (CDCl3) δ 14.4, 53.8 (d, J = 5.2
Hz), 61.9, 157.0; 31P NMR (CDCl3)  7.58 (s, 1P); Anal. Calcd. for C5H13N2O5P: C, 28.31; H,
6.18; N, 13.21. Found: C, 28.01; H, 6.23; N, 13.38.
t-Butyl 2-(dimethylphosphinyl)hydrazine-1-carboxylate (1a-III). White solid (Yield:
57%, Method A). Further purification via recrystallization from toluene. Mp 118 – 119 °C. 1H
NMR (CDCl3)  1.43 (s, 9H), 3.78 (d, J = 11.2 Hz, 6H), 5.64 (d, J = 32.7 Hz, 1H), 6.49 (broad s,

1H); 13C NMR (CDCl3) δ 28.1, 53.7 (d, J = 5.3 Hz), 81.1, 156.0; 31P NMR (CDCl3)  7.91 (s, 1P);
Anal. Calcd. for C7H17N2O5P: C, 35.00; H, 7.13; N, 11.66. Found: C, 35.27; H, 6.93; N, 11.79.
Methyl 2-(5,5-dimethyl-2-oxido-1,3,2-dioxaphosphinan-2-yl)hydrazine-1-carboxylate
(1b-I, FR8). White solid (Yield: 86%, Method B). Further purification via recrystallization from
toluene. Mp 132 - 133 °C. 1H NMR (DMSO-d6)  0.84 (s, 3H), 1.01 (s, 3H), 3.56 (s, 3H), 3.89
(dd, J1 = 15.0 Hz, J2 = 11.0 Hz, 2H), 4.10 (m, 2H), 7.45 (d, J = 34.7 Hz, 1H), 8.89 (broad s, 1H);
13
C NMR (DMSO-d6) δ 20.2, 20.9, 31.5 (d, J = 5.9 Hz), 51.9, 76.5 (d, J = 6.3 Hz), 157.5; 31P NMR
(DMSO-d6)  -1.08 (s, 1P); Anal. Calcd. for C7H15N2O5P: C, 35.30; H, 6.35; N, 11.76. Found:
C, 35.59; H, 6.27; N, 11.65.
Ethyl 2-(5,5-dimethyl-2-oxido-1,3,2-dioxaphosphinan-2-yl)hydrazine-1-carboxylate
(1b-II). White solid (Yield: 87%, Method A; 95%, Method B). Further purification via
recrystallization from toluene. Mp 143 – 144 °C. 1H NMR (CDCl3)  1.05 (s, 3H), 1.10 (s, 3H),
1.27 (t, J = 7.1 Hz, 3H), 4.04 – 4.17 (m, 4H), 4.19 (q, J = 7.1 Hz, 2H), 5.61 (d, J = 31.3 Hz, 1H),
6.83 (broad s, 1H); 13C NMR (CDCl3) δ 14.5, 20.9, 21.3, 32.1 (d, J = 6.1 Hz), 62.0, 77.6 (d, J =
6.0 Hz), 157.0 (d, J = 2.3 Hz); 31P NMR (CDCl3)  -0.61 (s, 1P); Anal. Calcd. for C8H17N2O5P:
C, 38.10; H, 6.79; N, 11.11. Found: C, 38.39; H, 6.68; N, 10.95.
t-Butyl 2-(5,5-dimethyl-2-oxido-1,3,2-dioxaphosphinan-2-yl)hydrazine-1-carboxylate
(1b-III). White solid (Yield: 81%, Method A). Further purification via recrystallization from
toluene. Mp 179 – 180 °C. 1H NMR (CDCl3)  1.02 (s, 3H), 1.07 (s, 3H), 1.44 (s, 9H), 4.01 –
4.20 (m, 4H), 5.68 (d, J = 32.0 Hz, 1H), 6.64 (broad s, 1H); 13C NMR (CDCl3) δ 20.8, 21.3, 28.1,
32.0 (d, J = 6.1 Hz), 62.0, 81.1, 155.9 (d, J = 2.1 Hz); 31P NMR (CDCl3)  -0.10 (s, 1P); Anal.
Calcd. for C10H21N2O5P: C, 42.86; H, 7.55; N, 10.00. Found: C, 43.12; H, 7.69; N, 10.04.
Generalized protocol for the preparation of the phosphorylhydrazines 5.24 Anhydrous
K2CO3 (0.150 mol) was introduced into a nitrogen-purged three-neck flask, followed by the
addition of methylene chloride (100 mL) and carbon tetrachloride (60 mL).
Benzyltriethylammonium chloride (BTEAC, 1.00 mmol) was added to the mixture, followed by
the addition of hydrazine hydrate (0.100 mol, 4.88 mL). The corresponding phosphite 4 (0.100
mol in 20 mL of CH2Cl2) was then added dropwise to the stirred mixture, over 0.5 h period. Slight
warming of the reaction mixture was observed. Stirring was continued for 3 h at ambient
temperature, followed by 1 h at 50 °C. The mixture was filtered at reduced pressure and the solid
washed with small amount of methylene chloride. The filtrate was evaporated at reduced pressure
to yield the virtually pure product.
Dimethyl hydrazinylphosphonate (5a, FR1). White solid. Yield: 95%. Mp 71 – 73 °C
(Lit. 73 – 74 °C).25 1H NMR (DMSO-d6)  3.55 (d, J = 11.0 Hz, 6H), 3.71 (bs, 2H), 6.08 (d, J =
32.5 Hz, 1H); 13C NMR (DMSO-d6) δ 52.5 (d, J = 5.5 Hz); 31P NMR (DMSO-d6)  12.21 (s, 1P).
2-Hydrazinyl-5,5-dimethyl-1,3,2-dioxaphosphinane 2-oxide (5b, FR3). White solid.
Procedure for preparation virtually the same as descibed above, but the filtrate at the end rather
then being evaporated completely, was reduced to about a quarter of its original volume. The
precipitated white solid in the reaction mixture is then filtered at reduced pressure. Yield: 89%.
Mp 148 – 150 °C (Lit. 148 – 150 °C).26 1H NMR (DMSO-d6)  0.94 (s, 3H), 0.97 (s, 3H), 3.73
(bs, 2H), 3.85 – 4.02 (m, 4H), 6.26 (d, J = 33.0 Hz, 1H); 13C NMR (DMSO-d6) δ 20.5, 21.0, 31.5
(d, J = 6.0 Hz), 76.2 (d, J = 6.4 Hz); 31P NMR (DMSO-d6)  2.91 (s, 1P).
Diethyl hydrazinylphosphonate (5c, FR2).24 Colorless oil. Yield: 92%. 1H NMR
(DMSO-d6)  1.20 (td, J1 = 7.2 Hz, J2 = 0.7 Hz, 6H), 3.91 (dq, J1 = 7.8 Hz, J2 = 7.1 Hz, 4H), 3.93

(bs, 2H), 6.06 (d, J = 30.8 Hz, 1H); 13C NMR (DMSO-d6) δ 16.1 (d, J = 6.6 Hz), 61.5 (d, J = 5.3
Hz); 31P NMR (DMSO-d6)  9.37 (s, 1P).
Generalized protocol for the preparation of the hydrazobis(phosphonates) 2. The
corresponding hydrazide 5 (15 mmol) was dissolved in chloroform (20 mL), under nitrogen
atmosphere, and at ambient temperature. Pyridine (15 mmol) was introduced and the mixture
cooled to 0 – 5 °C. Dimethylphosphoryl chloride (15 mmol), dissolved in chloroform (30 mL),
was added dropwise during a 30 min interval. The mixture was allowed to warm to ambient
temperature and stirring continued for additional 12 h. The solvent was removed under reduced
pressure and the residue was separated using column chromatography on silica gel (acetone :
methylene chloride : methanol = 10:2:1). Removal of the solvent under reduced pressure led to
the isolation of the pure compound 2.
Tetramethyl hydrazine-1,2-diylbis(phosphonate) (2a, FR4). Isolation is simplified in
the following manner: After the removal of the solvent from the original reaction mixture at
reduced pressure, methylene chloride is introduced (about half the volume of the originally used
chloroform). The solution is held for about 15 min at -25 °C. The resultant white solid in the
reaction mixture is filtered at reduced pressure, suction-dried, followed by 1 h under vacuum.
Yield: 50%. Further purification via recrystallization from toluene. Mp 125 – 126 °C. 1H NMR
(DMSO-d6)  3.59 (d, J = 10.9 Hz, 12H), 6.94 (d, J = 32.2 Hz, 2H); 13C NMR (DMSO-d6) δ 52.7
(dd, J1 = 2.5 Hz, J2 = 2.4 Hz, overlap); 31P NMR (DMSO-d6)  10.21 (s, 2P); Anal. Calcd. for
C8H17N2O5P: C, 19.36; H, 5.69; N, 11.29. Found: C, 19.64; H, 5.50; N, 11.19.
Dimethyl
(2-(5,5-dimethyl-2-oxido-1,3,2-dioxaphosphinan-2-yl)hydrazinyl)
phosphonate (2b, FR6). Colorless viscous oil, which solidifies under vacuum. Yield: 51%.
Further purification via recrystallization from toluene. Mp 137 – 138 °C. 1H NMR (DMSO-d6) 
0.88 (s, 3H), 1.03 (s, 3H), 3.60 (d, J = 11.0 Hz, 6H), 3.84 – 3.93 (m, 2H), 4.02 – 4.08 (m, 2H), 7.01
(dd, J1 = 31.6 Hz, J2 = 4.4 Hz, 2H); 13C NMR (DMSO-d6) δ 20.2, 21.0, 31.5 (d, J = 6.1 Hz), 52.9
(d, J = 5.3 Hz), 76.5 (d, J = 6.4 Hz); 31P NMR (DMSO-d6)  0.28 (d, J = 8.8 Hz, 1P), 10.11 (d, J =
8.9 Hz, 1P); Anal. Calcd. for C8H17N2O5P: C, 29.18; H, 6.30; N, 9.72. Found: C, 29.36; H, 6.32;
N, 9.60.
Diethyl (2-(dimethoxyphosphoryl)hydrazinyl)phosphonate (2c, FR5). Colorless oil,
which solidifies upon standing. Analytical samples generated via column chromatography
(acetone : CH2Cl2 = 5:1). Yield: 54%. Mp 56 – 58 °C. 1H NMR (DMSO-d6)  1.21 (t, J = 7.0
Hz, 6H), 3.60 (d, J = 11.1 Hz, 6H), 3.95 (m, 4H), 6.85 (dd, J1 = 32.6 Hz, J2 = 12.0 Hz, 2H); 13C
NMR (DMSO-d6) δ 16.0 (d, J = 7.1 Hz), 52.8 (d, J = 5.1 Hz), 61.8 (d, J = 5.0 Hz); 31P NMR
(DMSO-d6)  7.51 (d, J = 15.9 Hz, 1P), 10.25 (d, J = 16.0 Hz, 1P); Anal. Calcd. for C8H17N2O5P:
C, 26.10; H, 6.57; N, 10.14. Found: C, 25.97; H, 6.69; N, 10.00.
Larger-scale preparation of 2c: Hydrazine 5c (9.00 g, 53.52 mmol) was dissolved in
anhydrous THF (90 mL), under nitrogen atmosphere. Triethylamine (5.40 g, 53.52 mmol, 7.50
mL) was added to the flask, followed by the addition of dimethylphosphoryl chloride (7.74 g,
53.52 mmol, 5.76 mL) dissolved in THF (60 mL) over a 20-min period, at 0 – 5 °C. The resultant
mixture was stirred for 0.5 h at 0 – 5 °C, then additional 2 h at 60 °C. The mixture was filtered
under reduced pressure (separation of trimethylamine hydrochloride) and solvent was removed
from the mother liquor. Ether was added to the residue followed by another solvent removal. The
resultant residue solidified under reduced pressure. Yield: 14.05 g (95%). 1H NMR indicated
virtually pure product 2c, which was used for epoxy resin preparation without further purification.

Theoretical Studies
All calculations were performed using the Gaussian16/GaussView6 software package27,
on a Linux-operated QuantumCube QS40-2640v4-XB10 by Parallel Quantum Solutions (PQS).28
Calculations, were conducted using DFT at the B3LYP level with 6-31+G(d) basis set.29,30,31 All
stationary points were validated by subsequent frequency calculations at the same level of theory.
All minimum structures had sets of only positive second derivatives, while TS structures all had
one imaginary frequency. TS searches were conducted employing the Berny algorithm (opt =
TS).32,33 Values of Gibbs free energy and enthalpy changes were obtained after frequency
calculations and zero-point energy (ZPE) corrections, which were not scaled.
Epoxy Sample Formulation
The baseline epoxy resin system used in this project was the diglycidyl ether of bisphenolF, DGEBF (Hexion EPON 862), with a low viscosity aliphatic amine as a curing agent (Hexion
Epikure 3274). The epoxide equivalent weight (EEW) of EPON 862 was 170 g/eq, while the
amine hydrogen equivalent weight (AHEW) of Epikure 3274 was 76 g/eq. The purpose of
choosing EPON 862 was its wide use in the Vacuum Assisted Resin Transfer Molding (VARTM)
process. This process is used to make large composite structures in infrastructure, transportation,
and marine applications, for all of which flame retardancy is a key issue. Epikure 3274 was chosen
because it is able to cure at or near room temperature with DGEBF.
The methodology for formulating and initial screening of flame retardants for their
reactivity with the epoxy/amine resin system via DSC analysis has been fully documented
elsewhere.34 Each flame retardant (FR) was tested in a progression of three conditions. First, the
FR compound was tested for reaction in the pure state / as-received condition (“pure”). Next, the
FR was mixed with EPON 862 in stoichiometric proportions and tested for reaction as such (“2component system”). Finally, the FR was mixed with EPON 862 and Epikure 3274 and then tested
for reaction (“3-component system”). The compositions of the 2-component mixtures were
formulated by determining the stoichiometric balance of epoxy and N-H groups, using the EEW
value for EPON 862 and the assumed AHEW value for each compound. The assumed value of
AHEW was calculated by dividing the compound’s molecular weight by the number of N-H
groups for that compound. No attempt was made to experimentally measure AHEW for the FR
compounds. The composition of the 3-component systems was determined as follows.
Phosphorous-based FR molecules contain N-H groups as well as one or two atoms of P. Therefore,
the formulation of epoxy-amine-FR mixtures was calculated based on meeting the following two
criteria simultaneously:
• Criterion 1: there is a stoichiometric balance between epoxy groups and N-H groups
• Criterion 2: the weight fraction of P in the final mixture is a fixed value, which in this study
was 0.025 or 2.5 wt%. This value was chosen to be consistent with previous work.35,36,37
A list of the FR compounds and associated properties is given in Table 1, while the formulation
compositions are given in Tables 2-3.

Table 1. Phosphorus hydrazide flame retardants and acronyms
Compound

Abbreviations

Molecular
Formula

Properties

FR1

C2 H9 N2 O3 P

MW=140.04g/mole
P=22.1 Wt%
AHEW=46.68 g/eq

62-63

FR2

C4 H13 N2 O3 P

MW=168.07g/mole
P=18.4 Wt%
AHEW=56.0 g/eq

Liquid (at
ambient)

FR3

C5 H13 N2 O3 P

MW=180.07g/mole
P=17.2 Wt%
AHEW=60.0 g/eq

148-150

FR4

C4 H14 N2 O6 P2

MW=248.11g/mole
P=25.0 Wt%
AHEW=124.0 g/eq

125-126

FR5

C6 H18 N2 O6 P2

MW=276.17g/mole
P=22.4 Wt%
AHEW=138.1 g/eq

56-58

FR6

C7 H18 N2 O6 P2

MW=288.06g/mole
P=21.5 Wt%
AHEW=144.0 g/eq

137-138

FR7

C4 H11 N2 O5 P

MW=198.04g/mole
P=15.6 Wt%
AHEW=99.0 g/eq

Liquid (at
ambient)

FR8

C7 H15 N2 O5 P

MW=238.07g/mole
P=13.0 Wt%
AHEW=119.0 g/eq

132-133

Table 2: Formulations of 2-component systems
Sample
Epoxy EPON 862 (Wt.%)
EF 1
78.35
EF 2
75.00
EF 3
73.80
EF 4
57.67
EF 5
55.00
EF 6
54.00
EF 7
63.13
EF 8
58.68

Melting
Point (°C)

FR (Wt.%)
FR1 @ 21.65
FR2 @ 25.00
FR3 @ 26.20
FR4 @ 42.33
FR5 @ 45.00
FR6 @ 46.00
FR7 @ 36.87
FR8 @ 41.32

Table 3: Formulations of 3-component systems
Sample
EAF 1
EAF 2
EAF 3
EAF 4
EAF 5
EAF 6
EAF 7
EAF 8

Epoxy EPON 862
(Wt.%)
73.88
72.33
71.65
66.31
65.52
65.19
66.41
64.19

Amine Epikure 3274
(Wt.%)
14.80
14.09
13.81
23.69
23.32
23.18
17.56
16.58

FR
(Wt.%)
FR1 @ 11.31
FR2 @ 13.59
FR3 @ 14.53
FR4 @ 10.00
FR5 @ 11.16
FR6 @ 11.63
FR7 @ 16.03
FR8 @ 19.23

Epoxy Mixing and Plaque Formation
Because limited amounts of the experimental flame retardants were available, the batch
size was kept to approximately 2 g of total mixed resin for initial DSC testing. First, the flame
retardant was mixed into EPON 862 at room temperature using a mechanical mixer at 150 RPM
for approximately 15 minutes. If the FR did not appear to dissolve, it was heated in an oven to 80
°C and stirred until the FR was completely dissolved, then it was cooled to room temperature. For
3-component mixtures, first EPON 862 and FR were mixed (and heated if needed). After that, the
Epikure 3274 was added and mixed manually at room temperature.
An attempt was made to scale up and fabricate three 4 inch x 4 inch resin plaques for EAF
1 and EAF 2 formulations for further testing in a cone calorimeter. Using the formulations given
in Table 3, the flame retardant was mixed into EPON 862 at room temperature using a mechanical
mixer at 150 RPM for approximately 30 minutes. For FR1, this mixture was heated in the oven to
80 °C and stirred until the FR was completely dissolved, then cooled to room temperature. After
combining EPON with FR1 or FR2, Epikure 3274 was added and mixed manually at room
temperature until the 3-component mixtures were uniform. Each mixture was then poured into
molds (4.5-inch x 4.5-inch x 0.118-inch) and left to cure overnight at room temperature. The next
day they were placed in an oven between 100-140 ºC for 1 hr. depending on bubble formation as
described in the results section. Each mold was comprised of a 6 inch x 6 inch metal plate covered
by a non-stick film, and vacuum bag sealant was used to frame the walls of a 4.5 inch x 4.5 inch
cavity. After curing, the plaques were carefully removed from the molds. A diamond blade wet
saw was used to trim the edges of each plaque to the final dimensions (4 inch x 4 inch x 0.118
inch). The batch size was approximately 50 g of total mixed resin. In addition, three resin plaques
were prepared for the baseline system in stoichiometric proportions (EPON 862 at 69 wt% /
Epikure 3274 at 31 wt%). Later work also included fabrication of three plaques containing FR5,
which is further described in the results section.
Differential Scanning Calorimetry (DSC)
The curing and FR decomposition behavior were investigated with a model Q2000 DSC
unit (TA Instruments Inc., New Castle, Delaware). The methodology was as follows. For pure FR
compounds, small samples approximately 2 mg were heated from 30 to 300 °C to evaluate its basic
decomposition behavior under a nitrogen flow of 50 mL/min and a heating rate of 10 °C/min.
Similarly, for two-component formulations (Epoxy/FR), samples about 5 mg were heated from 30
to 300 °C to determine if the epoxy and FR reacted. Finally, for three component formulations

(Epoxy/Amine/FR), approximately 5 mg samples of freshly mixed resin were heated first from 30
to 140 °C at 10°C/min, held for 30 minutes to observe the curing behavior, cooled to 30 °C, and
heated again from 30 to 300 °C at 10°C/min to observe FR decomposition behavior.
Micro Combustion Calorimeter (MCC) Testing:
Samples were tested for heat release via micro combustion calorimeter (MCC) testing,
using ASTM D7309-13 (Method A) conditions, on a MCC-1 instrument from Deatak (USA).
Samples were taken from the material prepared to DSC testing. All samples were cured at room
temperature overnight, followed by 140°C for 1 hour. All samples were tested in triplicate, and a
polystyrene control was included for comparison. Final chars were measured with use of a
microbalance.
Cone Calorimeter Testing:
The 4 inch x 4 inch resin plaques were tested for heat release and smoke release via cone
calorimeter as per ASTM E1354-16, using a FTT (Fire Testing Technologies, United Kingdom)
Dual Cone Calorimeter. All samples were tested in triplicate at a heat flux of 35 kW/m 2, with a
sample thickness of 3mm. All samples were backed with aluminum foil and placed into mineral
wool as per the standard method. Metal frame and retaining grid were used for all tests, except for
those described below in the paper where the metal frame and retaining grid were not used.
Results and Discussion:
Chemical Synthesis:
The target compounds 1 (Scheme 1) were prepared utilizing a one-step protocol, from phosphoryl
chlorides and commercial carbazates or a two-step procedure from the corresponding dialkyl
phosphites (Scheme 1). Reaction of dimethylphosphoryl chloride (3a) or 2-chloro-5,5-dimethyl1,3,2-dioxaphosphinane 2-oxide (3b)38 with commercially available ethyl or t-butyl carbazate led
to generation of the corresponding hydrazophosphonates 1 (Method A). Alternatively, compounds
1 were prepared from dialkyl phosphites (4a-c). The latter were reacted with hydrazine hydrate in
conditions typical for the Todd – Atherton reaction, to yield the corresponding phosphoryl
hydrazines (5a-c).24 Compounds 5 were then input into a reaction with commercially available
methyl or ethyl chloroformate, in the presence of pyridine, to yield compounds 1 (Method B). The
hydrazobis(phosphonates) 2a-c were prepared utilizing in part the protocol described above, by
reaction of the phosphoryl hydrazines 5a-c with dimethylphosphoryl chloride (Scheme 1).

To assist with flame retardant chemical structure identification in the rest of this paper, the flame
retardants investigated in this study are relabeled in Figure 1.
Reactivity of Epoxy and Flame Retardants:
The cure behavior of the baseline system (EPON 862 / Epikure 3274 in stoichiometric
proportion) is given in Figure 2. The cure reaction began around 50°C and continued to over
200°C, although the peak was around 110°C. The heat of reaction, approximately 280 J/g, was
near the typical range for thermoset resins (300-600 J/g).

Figure 2: DSC Results for baseline sample (EPON862 + Epikure3274)

A good example of the DSC results for the flame retardants is given below in Figure 3,
which is for FR2. As seen in Figure 3A, FR2 is a liquid that has two superimposed exothermic
peaks, implying two decomposition stages of the pure compound. The first stage, which peaked
around 180°C, was considered minor. However, the second stage, which was the major reaction,

peaked at approximately 215°C and released approximately 273.7 J/g of heat during
decomposition. In Figure 3B, when FR2 was mixed with epoxy there was evidence of an
exothermic cure reaction beginning around 120°C, and overlapping with the first stage
decomposition peak. Furthermore, the FR decomposition peak shifted to a slightly higher
temperature than in pure form, which also supported the conclusion that the FR reacted with epoxy.
In Figure 3C, the 3-component system appeared to cure given the existence of an exothermic peak.
In addition, the FR decomposition peak shifted to a higher temperature than the 2-component
system, due to the incorporation of Epikure 3274 into the network. Figure 3D is an overlay of the
previous three results, which better illustrates the shift of the FR2 decomposition to a higher
temperature, resulting from its incorporation into the network. In addition, the onset of the cure
reaction between epoxy and amine groups of the flame retardant may have shifted to a lower
temperature.
The main observation was that FR1, FR2, and FR3 appeared to cure with the epoxy resin,
while the others did not or had conflicting information. These compounds were the only ones
containing primary amine groups. Some of the FR compounds were not soluble in the epoxy but
became soluble in the 3-component system. FR4 was not soluble in epoxy or acetone, so it was
not considered for further testing. While the DSC results are presented in their entirety
elsewhere,34 DSC results did not show exothermic reactions between epoxy and FR4, 5, 6, 7, and
8, indicating that the secondary amines present on these compounds are not reactive with the epoxy
groups in the Bisphenol F epoxy. Therefore, DSC results confirm that only primary amines are
reactive with the base epoxy. It is unclear if the aliphatic amine curing agent (Epikure 3274) can
react with the phosphorus hydrazides via reaction between aliphatic amine and phosphorus ester
bonds as this was not investigated in this paper. While this reaction is theoretically possible, it is
unproven at this time.
The base Bisphenol F + Epikure 3274 epoxy system does not have a well-defined glass
transition temperature (Tg) when measured by DSC. Other techniques such as dynamic
mechanical analysis (DMA) or thermal mechanical analysis (TMA) would be better suited to
measure the Tg of the epoxy + aliphatic amine + flame retardant systems outlined in this paper.
Due to the amount of material needed to make specimens for DMA / TMA samples vs.
flammability test samples, such testing for the effect of flame retardant on Tg was not undertaken
in this paper. However, based upon the fact that some of the materials were still soft and tacky
when scaled up to full size specimens for cone calorimeter (see discussion below) it is
hypothesized that these flame retardants may be lowering the Tg of the epoxy, but this needs to be
verified.

Main Decomposition

Minor Decomposition

A. Pure FR2

Main Decomposition

Cure Reaction

B. EPON862 + FR2 (EF2).

Cure Reaction

C. EPON862 + Epikure3274 + FR2 (EAF2)

D. Overlay of previous three DSC curves.
Figure 3: DSC results for FR2.

FR1 and FR2 were down-selected for scale up to make 4 inch x 4 inch plaques for cone
calorimeter testing. During their cure cycle, bubbles were observed to form in the cured samples
when they approached a temperature around 100 °C. These were not observed in the baseline
sample (EPON 862 + Epikure 3274), nor where they observed in the small samples used for DSC

and microcombustion calorimetry. In addition, removing the cured plaques from the mold was
difficult: they had to be removed from the mold by heating it up and using a stiff metal or plastic
scraper to peel it off. In contrast, making a plaque from the control sample was relatively easy (no
bubbles or non-uniformities) and the cured plaque was mechanically robust. Initially the
generation of bubbles in the FR plaques was attributed to heat transfer and diffusion effects
associated with larger samples. However, it was later determined that the source of the bubbles
was water absorbed by the FR compounds during storage.
To further investigate this issue, FR5 was selected as a comparison material since it should
be less reactive than FR1 and FR2, thus eliminating potential reactions between epoxy and
FR1/FR2 that may be leading to the voids forming in the epoxy plaques. Heating studies and
thermogravimetric analysis revealed an approximate 2% weight loss when FR5 was heated to
100°C for 1 hour in air or nitrogen, which was assumed to be evaporated water. Accordingly, the
procedure for fabricating an FR5-containing resin plaque was modified to include this drying step,
immediately followed by mixing into room temperature Epikure 3274, and finally admixing at
room temperature EPON 862. For these plaques, the formulation was modified from that given in
Table 3 (EAF5) because of the DSC results, which indicated FR5 did not react with the epoxy
resin. Instead, the ratio of EPON 862 and Epikure 3274 was returned to stoichiometric, and FR5
was added at a level providing 2.5 wt% P. The final formulation was EPON 862 at 61 wt%,
Epikure 3274 at 28 wt%, and FR5 at 11 wt%. Using this formulation and procedures, void-free
resin plaques with good mechanical robustness were produced.
The plaques that were successfully produced in this study are shown in Figure 4. The
bubbles and non-uniform areas of the plaque containing FR2 can be seen. Furthermore, the FR2
plaques felt soft, compared to the rigid/glassy natures of the control plaques. This indicates a low
crosslink density, which is a problem separate from the void formation. This result may imply that
amine groups of FR2 did not fully react with the epoxy, for example maybe only the primary
amine groups reacted which would lead to chain extension rather than crosslinking. The FR1
plaques were very brittle and did not survive removal from the mold or edge trimming without
cracking, therefore they could not be tested in the cone calorimeter. This was attributed to both
void formation and FR1’s amine groups not fully reacting with the epoxy.

Figure 4: 4-Inch x 4-inch resin plaques: (top) control sample EPON 862/Epikure 3274, (middle) EAF 2, (bottom)
EPON 862/Epikure 3274/FR5.

Heat Release Data: Micro combustion calorimeter:
Initial screening for heat release reduction was conducted using micro combustion
calorimeter (ASTM D7309). This testing was undertaken due to the fact that reducing heat release
has been shown to be one of the most important parameters of flammability that improves fire
safety,39 and the fact that the MCC has shown itself to be a good screening tool for quickly
assessing material flammability when limited amounts of material are available.40 MCC does have
some limitations in what it can measure,41,42,43 but otherwise continues to manifest itself as a useful
tool for material development. A summary of the results collected are shown in Table 4, where
the triplicate data is reported in order to demonstrate the reproducibility of the measurements.
Materials with the lowest total heat release (Total HR), highest char yields, and lower heat release
rate (HRR) peak values are marked in green, with materials of middle ranking having a yellow
color, and those not as effective against the control having an orange color. This color ranking
was used to help narrow down the choice of flame retardants for scale up and test in epoxy, due to
limited synthetic resources on this project.

Table 4. MCC Data for Epoxy / Amine / Flame Retardant blends (each cured at room temperature overnight followed
by 140 °C for 1 hour).

Sample
Baseline Sample
(Epon 862 / Epikure 3274)
EAF 1

EAF 2

EAF 3

EAF 5

EAF 6

EAF 7

EAF 8

PS Standard

Char
Yield (%)
9.21
9.36
9.01
27.13
27.59
26.54
27.77
28.04
27.85
15.21
15.55
15.51
22.46
23.18
22.57
19.44
21.82
20.71
18.52
19.43
17.77
25.59
24.92
25.69
0.03
0.05
0.00

HRR Peak(s)
Value (W/g)
633, 132
621, 132
684, 124
25, 183, 19
27, 192, 19
31, 171, 14
205, 207, 31
270, 193, 34
290, 184, 33
35, 296
37, 251
34, 275
260, 196, 14
265, 185, 16
280, 197, 15
311, 190, 15
293, 192, 14
298, 164, 16
292, 110, 22
294, 106, 19
291, 110, 24
38, 166, 22
36, 168, 22
35, 164, 17
1246
1268
1295

HRR Peak(s) Total HR
Temp(s) (°C) (kJ/g)
394, 512
23.7
392, 516
23.5
389, 516
23.8
254, 359, 530
17.6
254, 355, 540
17.4
253, 359, 539
16.9
286, 337, 530
16.6
285, 339, 534
16.9
284, 334, 528
16.7
284, 351
22.1
280, 357
21.9
277, 360
21.7
336, 354, 526
20.0
336, 356, 526
19.7
337, 355, 539
19.9
336, 353, 523
21.0
334, 354, 530
20.5
336, 361, 526
20.6
331, 377, 514
20.3
334, 374, 508
20.3
334, 390, 520
20.6
287, 338, 529
17.5
282, 338, 499
17.9
280, 348, 534
17.0
447
36.2
444
36.3
446
36.4

The results from Table 4 show that several of the flame retardants changed the thermal
decomposition of the epoxy from a generally 2 step process (initial small plateau of heat release,
then large peak of heat release) to a multi-peak heat release event. This indicates that the flame
retardants reacted with the epoxy as the epoxy thermally decomposed, thus resulting in changes of
decomposition temperature/mass loss/fuel pyrolysis pathways. Some of the changes are
dramatically different when compared to the control. For example, adding FR2 to the epoxy
caused a major change in the temperatures of HRR, and yielded large reductions in Total HR with
large increases in total char yield (Figure 6, right). Most of the other flame retardants primarily
reduced the main peak of HRR in intensity, simultaneously lowering the peak HRR event
temperature, while showing some additional smaller peaks/plateaus of heat release before and after
the main peak of HRR (Figures 5-8). The smaller plateaus/peaks of HRR before the main peak of
HRR were likely from initial reactions/decompositions between the flame retardant and epoxy,
and those plateaus/peaks of HRR after the main peak of HRR were likely from secondary char
reactions/char stabilization as the final char sets up and pyrolysis of flammable gases ceases.

Summary plots showing all the samples tested and how they compare against one another and the
control are shown in Figure 9. Overall, the results indicate that the phosphorus hydrazides did
lower heat release and increased char yield. Overall there were some promising candidates, which
were considered for scale-up and larger bench scale flammability testing via cone calorimeter.

Figure 5. MCC HRR curve for cured samples of the baseline system (left) and EAF 1 flame retardant mixture (right).

Figure 6. HRR curves for cured samples of EAF 2 (left) and EAF 3 (right).

Figure 7. HRR curves for cured samples of EAF 5 (left) and EAF 6 (right).

Figure 8. HRR curves for cured samples of EAF 7 (left) and EAF 8 (right).

Figure 9. HRR comparison plot for all EAF samples with epoxy control (left) and the same curves with the baseline
system removed (right).

Heat Release Data: Cone Calorimeter:
As discussed above, some of the flame retardants showed difficulties in scale-up with
regards to either the chemical synthesis or the resin plaque formation. Accordingly, while some
showed promise via MCC testing, they unfortunately could not be tested in the cone calorimeter.
Namely, the synthetic protocol for FR8 could not be scaled-up. Further, as mentioned in the
discussion on how the flame retardants reacted with the base epoxy, FR1 showed promise as a
flame retardant, but because it did not fully react with the epoxy, when mixed into a larger sample
size plaques could not be made for cone calorimeter testing. In addition, synthetic work showed
that FR5 could be easily scaled up, and so while it was not one of the best performing flame
retardants by MCC, it was tested anyway due to ease of synthesis. Having these two samples to
test allowed for the comparison between a monofunctional phosphorus hydrazide FR2 and a
difunctional phosphorus hydrazide FR5 to see if the differences in chemical structure result in heat
release changes that were not measured by MCC.
The results collected for the epoxy control sample (no flame retardant) and the two epoxy
samples containing flame retardant are shown below in Table 5. There are some irregular results
in the cone calorimeter test that need to be explained, as these samples show some deformation
behavior in the cone calorimeter which affects the reproducibility of measurement. The epoxy
control sample showed physical deformation behavior when unconstrained. Specifically, when
the epoxy control was tested without a metal frame and restraining grid, the epoxy bent up toward
the cone heater (effectively seeing a higher heat flux), then ignited and burned with high intensity.
In the presence of the metal frame and grid, the epoxy control still burned with high intensity, but
with lower intensity compared to the unrestrained control sample as the sample was constrained
to only encounter a 35 kW/m2 heat flux. Therefore, the HRR data in Table 5 show high HRR for
the first sample (which was without frame and grid), in comparison to the other two samples which
utilized frame and grid. The HRR data is shown in Figure 10, where the 1st specimen is HRR-1
while the 2nd and 3rd specimens are HRR-2 and HRR-3 respectively. The final char was friable
and showed some damage to the aluminum foil (Figure 11, left), indicating that the high heat

release from burning caused some melting of the aluminum foil during the test. This was observed
for the samples with frame and grid as well (Figure 11, right).

Figure 10: Heat Release Rate curves for the epoxy baseline sample (EPON 862/Epikure 3274).

Figure 11: Char pictures for epoxy baseline plaques showing degraded aluminum foil from fire testing.

The epoxy + flame retardant sample with FR2 showed enhanced char formation behavior
in that more total char was formed in the presence of the flame retardant, but also showed highly
erratic char formation and gas/fire plume formation, such that the epoxy + flame retardant sample
was not as reproducible in heat release measurements. The gas/fire plume formation was quite
notable, with flames and smokes shooting out of the sides of the sample, and in directions outside
of the cone heater area. The first specimen, tested using only foil, curled and charred up quickly.
As the char would form holes, the flames would shoot out of the hole, resulting in the several
“spikes” of heat release that were measured by the instrument (HRR-1, Figure 12). Specimens 2
and 3, tested using the frame and grid holder, had smoke and drips come out the bottom on the

frame, but still showed strong char formation and some flames shooting out of the holes formed in
the char (HRR-2, Figure 12). The final chars from this sample (Figure 13) were stickier than the
control chars, suggesting that some of the epoxy was thermally degraded, but not fully
decomposed/charred.

Figure 12: Heat Release Rate curves for the EAF 2 samples.

Figure 13: Char pictures for the EAF 2 samples.

Given the observed behavior for the baseline epoxy and the EAF 2 sample, it was decided to test
the epoxy + amine + FR5 sample using the frame and grid holder only. These results show a more
reproducible heat release rate curve, see Figure 14 left. Similar to that seen for EAF 2 sample, the
final chars (Figure 14, right) were stickier than the control chars, suggesting that some of the epoxy
was thermally degraded, but not fully decomposed/charred.

Figure 14: Heat Release Rate curve (left) and char picture (right) for the EPON 862 + amine + FR5 sample using
frame and grid holder.
Table 5. Cone calorimeter summary data.
Sample
Description
Epoxy Control

Average Data
Epoxy + FR2
EAF2
Average Data
Epoxy + FR5
EAF5
Average Data

Time to Peak
Time to
Average Weight % Total Heat Total smoke Avg. Effective MARHE
ignition HRR
Peak HRR HRR
Lost
Release Release
Heat of Comb.
(s)
(kW/m2) (s)
(kW/m2) (%)
(MJ/m2) (m2/m2)
(MJ/kg)
(kW/m2)
69
1735
129
718
93.6
78.3
2054
24.63
494
89
1227
162
250
92.2
87.6
2690
24.33
304
105
1334
178
297
91.1
91.0
2681
24.98
300
88
1432
156
422
92.3
85.6
2475
24.65
366
50
1654
91
152
79.9
51.3
1623
17.99
432
49
889
100
260
68.8
50.1
1713
19.26
340
53
700
101
220
55.0
38.6
1330
17.68
268
51
1081
97
211
67.9
46.7
1555
18.31
347
57
987
120
183
73.0
71.7
2169
20.48
355
54
772
131
251
68.9
63.5
2060
20.45
315
55
826
111
209
72.0
63.1
2149
21.03
330
55
862
121
214
71.3
66.1
2126
20.65
334

The results from the testing of the epoxy samples containing the phosphorus hydrazides
show only minor reductions in peak HRR and MARHE (Table 5). However, they do show large
reductions in total heat release as well as reductions in total smoke release while also having lower
average effective heat of combustion. Normally, samples with lowered effective heats of
combustion have vapor phase flame retardants present, which inhibit combustion and therefore
increase smoke release. This is not the case with these samples. The strong physical effects of
burning that were observed, along with this reduction on average effective heat of combustion and
smoke release, suggest a mixed condensed phase / vapor phase flame retardant mode of action. It
is speculated that the vapor phase flame retardant species may be a diluting gas, which dilutes the
fuel and smoke during burning. This gas may also be responsible for the strong fire behavior
observed for the samples containing the phosphorus hydrazide.

Flame Retardant Mode of Action Discussion:
From the data collected, especially the cone calorimeter data that showed high char
formation with simultaneous reductions in smoke release and effective heat of combustion, the
likely flame retardant mode of action for phosphorus hydrazides when incorporated into epoxy is
one of mixed vapor phase and condensed phase flame retardancy. Specifically, when the
phosphorus hydrazide thermally decomposes, it likely forms nitrogen gas and phosphate/phosphite
species. The evolved nitrogen would reduce the total amount of flammable gases, thus reducing
smoke and effective heat of combustion. The phosphate/phosphite could also be volatilized, but
more likely it remains behind to act as a char forming acid source, as is well known for phosphorus
species in epoxies and other oxygen-containing polymers.44,45 Based upon known bond strengths
and theoretical studies on the thermal decomposition of some of the investigated phosphorus
hydrazide species (Figure 15), this mixed vapor phase/condensed phase flame retardant mode of
action can be supported. Additional gas phase chemical analysis (such as pyrolysis GC-MS) and
condensed phase analysis (such as SEM-EDS), aimed at detecting nitrogen release in the
decomposition gases and phosphorus species in the char, would help support this mode of action
further. However, such resources/funding were not available in this project. Therefore, the mixed
vapor phase/condensed phase mode of action is only a hypothesis at this time, but again, it is
supported by theoretical bond strengths and theoretical modelling, and most likely is the actual
mode of action for flame retardancy for phosphorus hydrazides in epoxy.

Figure 15. Theoretical results for the thermal decomposition studies of hydrazides FR2, FR4, FR5 and FR6.
Calculations at the B3LYP/6-31+G(d) method/level of theory.

Conclusions:
Phosphorus hydrazides present a potential class of flame retardants for epoxy that enhance
char formation and reduce smoke release from the burning / thermally decomposing epoxy.
However, these flame retardants do not reduce peak HRR in a significant manner, and so this flame
retardant chemistry may need to be combined with other flame retardants to lower peak HRR. The
phosphorus hydrazides did lower total heat release and total smoke release while increasing char
yield. Additionally, some of the phosphorus hydrazides show ability to covalently react with the
epoxy during polymerization, but do not appear capable of fully polymerizing the epoxy, even

with additional heating. Further studies are needed to determine if this class of flame retardants
has potential in epoxy, and if such flame retardants are compatible with fiber reinforced systems.
It is novel that this flame retardant can reduce smoke and effective heat of combustion through the
release of nitrogen during flaming combustion, but clearly these novel flame retardant chemical
structures cannot be used by itself in epoxy in a meaningful way.
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